327 words, 350 allowed) 44 45 BACKGROUND: The production of thyroid hormones (T3, T4) depends on thyroid organization 46 in follicles, lined by a monolayer of thyrocytes with strict apico-basal polarity. Polarization 47 supports vectorial transport of thyroglobulin for storage into, and recapture from, the colloid. 48
Introduction 74
The main function of the thyroid gland is to produce the hormones, T3/T4 and 75 calcitonin, which are essential for the regulation of metabolic processes (1, 2) . The production 76 of T3 and T4 depends on the organization of thyroid epithelial cells, the thyrocytes, into 77 functional and independent units, the follicles. These are composed of a single layer of 78 polarized thyrocytes that form a spherical structure delineating an internal space or lumen 79
where the thyrocyte secretory product, thyroglobulin, is stored in a colloidal form, thus called 80 the colloid lumen. As thyrocytes communicate via gap junctions, each follicle functions as an 81 integrated unit. Thyroid hormone synthesis depends on apico-basal cell polarity that allows 82 localization of channels, transporters, pumps and enzymes at the appropriate membrane 83 domains. Iodide from the bloodstream freely traverses the fenestrated endothelium of the 84 thyroid capillaries and is taken up into thyrocytes via the basolaterally localized Na + /I -85 symporter (NIS), thanks to a Na + gradient generated by the Na + /K + -ATPase. An alternative 86 basolateral transporter, SLC26A7, has been recently reported to also control iodide uptake, 87 although its role might not be direct (3). Iodide diffuses freely within thyrocytes and is next 88 transported across the apical membrane into the colloid space via apically localized 89 transporters such as pendrin or anoctamin. Iodide is then rapidly oxidized into iodine by 90 thyroperoxidase (TPO) located at the apical membrane, in the presence of H2O2, generated by 91 the DUOX2/DUOXA2 apical membrane complex. Iodine is incorporated into accessible 92 tyrosine residues close to N-and C-termini of thyroglobulin (Tg), a large protein secreted by 93 thyrocytes into the colloid space. Iodotyrosine rearranges into hormonogenic peptides, which 94 are the direct T3 and T4 precursors. Thyroid hormone synthesis thus requires basal localization 95 of NIS and Na + /K + -ATPase, apical localization of pendrin, anoctamin, TPO, DUOX2 and 96 DUOXA2, as well as apical delivery of Tg into the colloid lumen and endocytic uptake of iodoTg 97 6 into thyrocyte lysosomes (1, 2) . Specific regulators of thyroid follicular organization have 98 recently been identified (4). Transcriptomic comparison of thyroid FRT cells cultured in 2D 99 monolayers and in 3D spherical follicles indeed revealed involvement of structural and 100 functional cell elements such as adherens and tight junctions (cadherin-16), cytoskeleton 101 proteins, ions channels, proteins involved in differentiation, and components of the trafficking 102 machinery (e.g. myosin-Vb, Rab17)(4). 103
There is strong evidence that vesicular trafficking is critical for apico-basal polarization 104 and epithelial function (5-7), but the role of vesicular trafficking in thyroid function is 105 incompletely understood. Vps34/PIK3C3 (also referred to as type III PI3K) has long been 106 recognized as a main actor involved in the general control of endocytic vesicular trafficking (8-107 12). Vps34/PIK3C3 also plays an important role in epithelial organization in Drosophila (12) 108 and in autophagy (11, 14) , both in the initiation of autophagosome formation and the 109 progression towards autophagosome-lysosome fusion (15, 16 Immunofluorescence was performed on 5 µm-thick frozen sections or on 6 µm-thick 147 paraffin sections (18). Antigen retrieval was promoted in citrate buffer, pH 6.0, at 98°C for 20 148 min using a Lab Vision Pretreatment Module™ (Thermo Scientific). After permeabilization with 149 PBS/0.3% Triton-X100 for 5 min, non-specific sites were blocked by 1-h incubation in PBS/0.3% 150
Triton-X100 with 10% bovine serum albumin (BSA) and 3% milk, followed by primary 151 antibodies (described in Supplementary 
RT-qPCR 159
Total RNA was extracted from thyroid lobes using TRIzol Reagent (Thermo Scientific), 160 as described (23). Aliquots of 500 ng RNA were reverse-transcribed by M-MLV reverse 161 transcriptase (Invitrogen) with random hexamers, as described (21). Primer sequences used 162 are described in Supplementary Table II At P9, pups were injected intraperitoneally with 1 µCi 125 I (Perkin Elmer) and left for another 170 24 h before sacrifice and thyroid dissection. Both lobes were collected in 2 mM methimazole 171 (Sigma) and homogenized with a glass Potter. Total thyroid 125 I was measured with an 172 automatic gamma counter "Wizard 2 " (Perkin Elmer) before protein precipitation using 10% 173 trichloroacetic acid (TCA; Merck). After a single wash in TCA, radioactivity was measured in 174 the protein pellet. Pourcentage of protein-bound iodide was calculated using the ratio of 175 precipitated cpm/total thyroid cpm (26). 176
Statistical analysis 177
All statistical analyses were determined by Prism software (GraphPad Software, La 178 Jolla, California, USA). RT-qPCR values were obtained by the ΔΔCT method and are expressed 179 as boxplots with median, 25 th and 75 th percentiles, and min-max whiskers. Each graph 180
represents the results form a minimum of 8 independent thyroid lobes from at least 3 181 different litters. Nonparametric statistical tests were used: Mann-Whitney for single 182 comparisons and Kruskal-Wallis followed by Dunn's post-test for more conditions. Differences 183 were considered statistically significant when p<0.05 (*); ** stands for p<0.01; *** for p<0.001. 184
Results 185

Genetic construction and assessment of Vps34 inactivation 186
Global Vps34 inactivation is lethal at embryonic stage (E8.5) (27). To study the role of 187
Vps34 in vivo, we used a genetic approach to conditionally delete the loxP-flanked exon 21 of 188 the Vps34 gene, which encodes a critical sequence of the lipid kinase domain of Vps34 (21) . 189
Tthis approach was designed to allow for the expression of a minimally truncated, 190 catalytically-inactive Vps34 protein. However, upon conditional expression in megakaryocytes, 191 the level of this truncated Vps34 and its obligatory partner, Vps15, were found to be 192 decreased by 80-90% in the megakaryocyte lineage (thrombocytes), indicating instability of 193 this truncated Vps34 protein (28). We will thus hereafter refer to the result of this type of 194
Vps34 deletion as Vps34 absence or Vps34 cKO . 195
We crossed homozygous Vps34 fl/fl mice with Pax8-Cre;Vps34 fl/+ mice, which is expected 196 to lead to a tissue-specific (thyroid and kidney) conditional excision of exon 21 from both 197
Vps34 alleles in 25% of the pups (Vps34 cKO ). Vps34 cKO mice were born at the expected 198
Mendelian ratio and showed normal development until postnatal day 14 (P14), then stopped 199 growing and died at around 1 month of age (18). We thus analyzed thyroid Vps34 cKO at P14. 200
Of note, eye opening was usually delayed till P10. 201
We first assessed the extent of Vps34 genetic excision in the thyroid by quantification 202 of its mRNA using Vps34 exon 21-specific primers. Compared to control littermate pups, we 203 found a ~70 % reduction of exon 21-containing Vps34 mRNA in cKO thyroid extracts. In 204 comparison, we found no significant difference in the abundance of Vps34 mRNA containing 205 exon 22-24 ( Fig. 1A) . Assuming that Vps34 is equally expressed in all thyroid cell types 206 (expressing and non-expressing the Cre recombinase), this ~70 % decrease suggests that most 207 of the thyrocytes in cKO mice had undergone Cre-dependent recombination. 208
Vps34 cKO thyroid show signs of hyperstimulation by thyroid stimulating hormone (TSH) 209
At P14, thyroid glands from Vps34 cKO were almost twice heavier as compared to 210 control glands (2.06 ± 0.13 mg (n=6) versus 1.03 ± 0.07 mg (n=8); p= 0.0024, Mann Whitney 211 test). Histological staining with Periodic-Acid-Schiff (PAS, which in the thyroid reflects 212 expression of the thyroglobulin glycoprotein) readily revealed striking differences between 213 thyroid glands of control and Vps34 cKO mice (Fig. 1B) . Thyroid glands of controls appeared as 214 an assemblies of round follicular sections of variable diameter, filled with colloid intensely and 215 homogenously stained by PAS. In Vps34 cKO thyroids, follicle shape was often irregular, 216 especially at the periphery of the gland, and PAS staining was weaker or absent, indicating 217 empty lumina. Papillary projections were frequently seen in those empty lumina ( Fig. 1B , 218 enlarged box). By confocal immunofluorescence microscopy, the epithelial marker, E-cadherin, 219
confirmed heterogeneity of Vps34 cKO follicles and revealed thicker thyrocytes. DAPI labelling 220
revealed the presence of several nuclei in a significant fraction of lumina (Fig. 1C ). As these 221 histological features (follicle remodelling with thicker thyrocytes, papillary projections, and 222 colloid consumption up to exhaustion) are reminiscent to those caused by strong stimulation 223 of the thyroid gland by TSH, they suggested strong TSH stimulation of Vps34 cKO thyroid. 224
Vps34 cKO display defective thyroglobulin iodination and proteolysis 225
To further analyse the significance of the lack of PAS staining in a fraction of Vps34 cKO 226 follicles, we assessed thyroglobulin protein expression and its associated T4 hormonogenic 227 peptide by immunofluorescence on adjacent sections. WT sections showed a perfectly 228 overlapping distribution pattern of thyroglobulin and T4, homogeneously filling round colloidal 229 spaces ( Fig. 2A ). In Vps34 cKO , thyroglobulin labelling was much more heterogeneous and less 230 intense throughout the tissue. Remarkably, antibodies recognizing the T4 hormonogenic 231 peptide often failed to label colloidal spaces even when containing Tg in the adjacent section 232 ( Fig. 2A ). Quantification revealed that only a quarter (25.2 ± 11.9 %) of the follicles were 233 labeled for T4. These observations indicated that Vps34 ablation caused altered epithelial 234 organization, defective Tg production and/or excessive Tg consumption, as well as defective 235 thyroglobulin iodination. This further suggested that Vps34 cKO mice suffered from impaired T4 236 hormone biogenesis, thus would suffer from hypothyroidism. This observation, compatible 237 with the growth retardation observed after P15, could be explained by mislocalization of one 238 or several basolateral and/or apical actors involved in thyroid hormone synthesis, as reported 239 in Vps34 cKO kidney proximal tubular cells (18). Of specific interest, whereas Tg signal was 240 restricted to the follicle lumen in control thyroid, Tg dots were also seen within Vps34 cKO 241
thyrocytes. This indicates that colloidal Tg was endocytosed by thyrocytes, but that trafficking 242 to or Tg proteolysis within the lysosomes was impaired, thus suggesting defective lysosomal 243 release of T3/T4, if/when hormonogenic peptides were still formed on Tg (Fig. 2B, b-d) . 244
Vps34 cKO causes severe non-compensated hypothyroidism 245
To directly test the hypothesis that Vps34 cKO impairs thyroid hormone production, 246 plasma was collected at P14 and analyzed for T4 and TSH levels. In control pups at that age, 247 values were 6.4 ± 1.5 µg/dL for T4, and 75 ± 110 mU/L for TSH ( Fig. 3) . In Vps34 cKO mice, we 248 found extremely low T4 values, often near detection level (<0.25 ± 1.5 µg/dL) and very high 249 plasma levels of TSH (19,300 ± 10,500 mU/L) (Fig. 3) . These data indicate severe, non-250 compensated hypothyroidism. 251
Vps34 cKO display reduced iodine organification 252
The absence of T4-bearing Tg in Tg-containing follicles ( Fig. 2A ) and the undetectable 253 T4 plasmatic levels in Vps34 cKO mice (Fig. 3 ) might be caused by defective basolateral iodine 254 uptake, apical transport and/or apical organification. Due to lack or very poor specificity of 255 13 antibodies directed against the proteins involved in these processes, we first measured their 256 mRNA expression levels in total thyroids at P14 (Fig. 4) . We observed no change in expression 257 of Nis, Tpo and Duox2, a significant increase in Tshr expression, and a significant decrease of 258
Duoxa2 mRNA level. At this stage, we cannot conclude if Duoxa2 downregulation is a 259 contributing cause for the observed hypothyroidism of Vps34 cKO . 260
To further test whether basolateral NIS and apical TPO, DUOX and DUOXA were all 261 correctly localized, we functionally assayed their combined activity by injection of 125 I in pups 262 at P9, followed by a 24-h iodine deprivation and collection of thyroid lobes at P10. 263
Radioactivity was measured before and after protein precipitation by TCA ( Fig. 5 ). 125 I uptake 264
was not statistically different in Vps34 cKO and the three control genotypes (Fig. 5A ), suggesting 265 normal NIS function and thus basolateral localization. In marked contrast, only 8% of thyroid 266 125 I was bound to proteins in Vps34 cKO compared to approximately 55% in control genotypes 267 at this stage (Fig. 5B ). This indicates a major effect of Vps34 on one or several apical proteins 268 involved in iodine organification. 269
Evaluation of lysosomal function and autophagy in Vps34 cKO thyroid 270
Vps34 is involved in endocytic trafficking and autophagy. cKO of Vps34 in postnatal 271 kidney glomeruli podocytes has been reported to cause a strong increase of the overall 272 immunofluorescence signal for the lysosomal membrane marker LAMP-1, indicating 273 promotion of lysosome biogenesis (29,30). We further reported that absence of Vps34 in 274 kidney PTCs causes an increase in the actual size of lysosomes, that were sometimes enlarged, 275 and mislocalized toward the basal pole of the cell (18). Given that lysosomal proteases in 276 thyrocytes are important to excise hormonogenic peptides to release free T3 and T4, we 277 investigated LAMP-1-labeled structures in Vps34 cKO thyrocytes as a proxy for lysosomal 278 function. In our conditions, immunofluorescence on control thyroid sections only produced a 279 weak LAMP-1 signal in the E-cadherin-positive epithelial thyrocytes (Fig. 6 ). On the contrary, 280 a strong and widespread LAMP-1 signal was observed in all Vps34 cKO thyrocytes. As shown in 281 the enlarged box of Fig. 6 , LAMP-1 positive late endosomes/lysosomes were enlarged and 282 sometimes vacuolated in Vps34 cKO thyrocytes as compared to control. This is reminiscent of 283 thyroid of cystinotic (Ctns -/-) mice in which thyroid hormone production is also impaired (31). 284
The absence of Vps34 in kidney also causes a block of macroautophagy. We therefore 285 assessed the expression of p62 (also called sequestosome-1, or SQSTM1), a polyubiquitin-286 binding protein that interacts with LC3 II (microtubule associated protein 1 light chain) on the 287 autophagosome membrane and is normally continuously degraded by the autophagy process 288 (32). Since p62 accumulates when completion of autophagy is inhibited, p62 can be used as a 289 marker to study autophagy flux (31). As shown in Fig. 7 , no signal for p62 was detected in 290 control thyroid section, indicating normal autophagic flux. Conversely, Vps34 cKO thyrocytes 291 showed multiple p62 aggregates, indicating impaired autophagic flux, consistent with 292 defective trafficking to lysosomes. Further studies are necessary to determine if Vps34 cKO 293 causes abortive autophagy in thyrocytes as previously shown in kidney PTCs (18). 294
Vps34 cKO follicles display luminal cells of unknown nature 295
Surprisingly, while cells trapped in follicular lumen also showed a strong LAMP-1 signal 296 ( Fig. 6) , they were negative for for E-cadherin or TTF-1 expression, a permanently expressed 297 thyrocyte-specific transcription factor (Suppl Fig. 1A) , indicating that these cells were not 298 derived from the thyrocyte lineage. In addition, lineage-tracing experiments on Pax8-Cre; 299 Vps34 fl/fl ;ROSA-STOP-YFP pups at P14 revealed YFP positive signal only in follicle-delineating 300 thyrocytes and not in these luminal cells (Suppl Fig. 1B) . Thus, luminal cells had never 301 expressed Pax8 and were thus not derived from thyrocyte progenitors. Although infiltration 302 by macrophages was an attractive alternative, we failed to label these cells for the 303 conventional macrophage marker, F4/80 (Suppl Fig. 1C ). At this stage, we cannot conclude 304 about the origin of the cells trapped in follicular lumen of Vps34 cKO mice. 305
Further characterization of luminal cell turn-over, using immunofluorescence for 306 markers of proliferation (Ki67) and apoptosis (activated caspase 3), showed many proliferative 307 events and few apoptotic bodies (Suppl Fig. 1D ). However, since proliferating cells are labeled 308
for Ki67 during most of the cell division time whereas apoptotic bodies are generally very 309 short-lived, it is not possible to assess the respective importance of proliferation and apoptosis 310 in this population. Of note, there was no appreciable change of proliferation and apoptotic 311 markers in the cKO thyrocytes themselves at P14, indicating that cell homeostasis was not 312 severely perturbed despite Vps34 absence at this stage. 313
Discussion 314
In this study we report that deleting Vps34 in thyrocytes by Pax8-Cre-driven 315 recombination causes several defects in the thyroid: (i) doubling of thyroid weight and 316 perturbed thyroid parenchyma organization, with reduced PAS + colloidal spaces; (ii) strong 317 decrease of 125 I organification, at comparable 125 I uptake, and of T4 formation on thyroglobulin 318 (detected by immunofluorescence as early as P3); (iii) severe hypothyroidism with collapsed 319 plasma T4 levels and very high TSH (documented at P14); (iv) delayed "eye opening" and 320 impaired postnatal growth after two weeks. All these features phenocopy the impact of 321
Duoxa2 KO (34). 322 DUOXA2 is a chaperone protein required for the correct localization of DUOX2 at the 323 apical pole of thyrocyte, where the complex (DUOX2/DUOXA2) produces hydrogen peroxide. 324
In the absence of DUOXA2, hydrogen peroxide is not produced and subsequent 325 thyroperoxidase-mediated oxidation of iodide into reactive compounds and thyroglobulin 326 iodination are abolished (34). The similarity of the severity of hypothyroidism in Vps34 cKO and 327
Duoxa2 KO mice prompted us pay a closer look at DUOXA2 in Vps34 cKO . We found that the 328 expression of Duoxa2 started decreasing after P3, reaching two-fold lower values at P14. It is 329 interesting to note that expression of Duox2 and Duoxa2 mRNAs was quantitatively different, 330 despite of the fact that they share the same promoter (35). Whether decreased Duoxa2 mRNA 331 expression is reflected by equivalent two-fold decrease of DUOX2/DUOXA2 complex at the 332 apical pole is unknown. However, it is very unlikely that a two-fold decrease would by itself so 333 severely impact on thyroglobulin iodination, since heterozygous mice for Several studies have reported a role for Vps34 for endocytic trafficking to lysosomes (12, 36, 362 37) and activation of lysosomal proteases (14) . In our study on Vps34 cKO kidney PTCs, we also 363 observed enlargement of lysosomes and their filling by undigested material, labelled for a 364 variety of antigens (18). In Vps34 cKO thyrocytes, we also observed increased abundance and 365 size of LAMP-1-positive compartments. Based on these and previous findings showing that 366
Vps34 deletion leads to late endosome/lysosome enlargement and defective lysosomal 367 function (38), we assume a defective proteolytic excision of T3/T4 from iodoTg, analogous to 368 what we reported in cystinotic Ctns -/mice (31). Lysosomal enlargement due to defective 369 degradation causes translocation of the transcription factor EB (TFEB), normally sequestered 370 in the cytosol, to the nucleus where it promotes the coordinate expression of genes involved 371 in lysosome biogenesis and autophagic pathways (39). TFEB translocation would readily 372 account for increased LAMP-1 signal. 373
It has recently become clear that Vps34 may act on lysosome positioning, which is 374 crucial to autophagosome formation (37,40). Similar to the kidney PTC defect, we observed 375 an increased p62 signal in Vps34 cKO thyroids at P14. Accumulation of p62 in Vps34 cKO indicates 376 a block in the autophagy process. It would be interesting to further analyse the routes to the 377 lysosomes, by analysing the activation state of Rab7, the lipidation of LC3II, and the expression 378 of LAMP2A, a marker for chaperone-mediated autophagy at lysosomes. 379
A final observation deserving discussion is the occurrence of luminal living cells. 380
Defective endocytic and autophagic routes to the lysosomes could impact thyrocyte 381 homeostasis, thus causing cellular stress. Cellular stress, induced by defective autophagosome 382 and lysosomal function, or by activation of stress kinase such as JNK, could explain shedding 383 of thyrocytes cells into the colloidal space. However, the cells that we found in the lumens of 384 Vps34 cKO thyroids were negative for E-cadherin and the thyrocyte-specific transcription factor, 385 TTF-1. Furthermore, using lineage tracing experiments, we demonstrated that these luminal 386 cells had never expressed Pax8 and thus did not derive from thyrocytes. Alternatively, we 387 examined whether luminal cells could derive from mesenchymal cells, in particular infiltrating 388 macrophages. We know that these cells have high LAMP-1 signal, are proliferating, and must 389 have invasive properties to cross the follicular monolayer and its surrounding basal lamina, 390 before reaching the colloid. However, luminal cells were not labelled for the conventional 391 
